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Introduction
Aviation emissions of carbon dioxide and other climate-changing substances have attracted substantial attention, particularly in Europe. Although the contribution of aviation to climate change is small, at just 3% of global emissions, it is growing (much) faster than other sources of emissions. Air travel has also long been seen as a luxury product, making it a popular target for environmentalists, who deem it unnecessary.
Rising incomes and lower travel costs have resulted in a boom in air travel -a novelty among newly emerging economies characterised by large, fast growing and increasingly wealthy populations. The aviation industry is now also attracting the attention of policymakers who endeavour to include it in climate policy. In this context, this paper presents scenarios of future tourist air travel and carbon dioxide emissions out to 2100. Only international aviation demand by tourists is examined. Business travel and domestic air travel are excluded. We will also look at how the flows and shares of tourists evolve from a geographical perspective. In a globalising world, identifying where the bulk of emissions from tourism come from at the moment and in the future is essential for designing comprehensive climate policy objectives.
Quantifying emissions from aviation entails data on travel patterns. The model used in this paper to forecast tourist air travel and carbon dioxide emissions from aviation is called the Hamburg Tourism Model (HTM) and is presented in Section 2. There are two other widely available and comprehensive sources of travel forecasts. The World Tourism Organisation (WTO) has developed a long-term forecast and assessment of the tourism industry up to 2020 called Tourism 2020 Vision. According to this forecast, international arrivals in 2020 are expected to reach 1.6 billion with Europe, East Asia and the Pacific, and the Americas being the top receiving regions.
1 This compares well with the 1.7 billion arrivals forecasted by HTM. This is the forecast produced when the model The following section presents the model design and calibration. In section 3 we discuss the results of the analysis: the forecasts of carbon dioxide emissions and related variables such as trip length and tourist numbers. Emission forecasts by region are also examined.
This is followed by a sensitivity analysis in section 4, which includes the application of different SRES scenarios, different climate change and policy assumptions as well as changes in the model specific assumptions such as fuel efficiency and the level of demand saturation for holidays. Finally, section 5 provides a discussion and conclusions.
The model
We use the Hamburg Tourism Model (HTM), version 1.4. Versions 1.0-1.2 were used to study the impact of climate change on international tourism (Hamilton et al., 2005a,b; Bigano et al., 2007a; Hamilton and Tol, 2007) , while version 1.3 was designed to analyze climate policy (FitzGerald and Tol, 2007; Mayor and Tol, 2007; Tol, 2007) , but also applied to the EU-US Open Skies Agreement (Mayor and Tol, 2008 are the least inclined to travel abroad. As the temperature gets warmer or colder, the desire to spend a holiday in a different climate grows.
The share of international trips in total holiday travel is capped from above by the size of the country, using an inverse logistic function with country area to the power of 0.61.
Tourists from large countries are less like to travel abroad because the home country offers a more diverse range of holiday options. This cap is valid only for countries with an annual per capita income above $1,000. Very poor countries offer few holiday destination options, and the wealthy few who can afford holidays tend to travel abroad.
The share of international holidays is capped from below by the size of the country, using an elasticity of -0.28, and per capita income, using an elasticity of -0.01. Again, holiday makers from very small and very poor countries take their vacations abroad. These parameters determine the frontier, and were set by minimizing the distance between the frontier and 1995 observations.
International tourists are allocated to their destination countries by four factors. 4 Per capita income is important, with an elasticity of 0.8, as poverty deters tourists. Climate is important too. The ideal annual average temperature is 16.2 ºC; colder and warmer destinations attract fewer tourists. Travel time and travel cost are not observed, and therefore assumed to be linear in the distance between airports, using data for Heathrow, Europe's busiest airport. The airfare elasticity of destination choice equals -1.50
+0.14lny, where y is the average per capita income in the country of origin. For UK travellers, the elasticity equals -0.45, which compares well to the estimates of Oum et al. (1990) , Crouch (1995) , Witt and Witt (1995) and Wohlgemuth (1997) . The time elasticity of travel is assumed to be -0.45 too, but is independent of per capita income. Travel costs are assumed to fall by 10% per five years, while the value of travel time is assumed to grow by 15%. These parameters follow from calibrating the model results to the regional observations of WTO (2006) . The assumed parameters imply that travel becomes cheaper over time and people travel farther as a result. Furthermore, as people grow richer, the cost of travel matters less in their decision-making. However, as people take more and shorter holidays, travel time becomes more important.
Carbon dioxide emissions equal 6.5 kg C per passenger for take-off and landing, and 0.02 kg per passenger-kilometre (Pearce and Pearce, 2000) . Emissions fall by 7.5% per five years, following the trend in fuel efficiency in Faber et al. (2007) . No holidays at less than 500 km distance (one way) are assumed to be by air, and all holidays beyond 5000 km are assumed to be by air; in between the fraction increases linearly with distance. For island nations, the respective distances are 0 and 500 km. Total modelled emissions in 2000 are 129 million metric tonnes of carbon, which is some 2% of total emissions from fossil fuels. This is from tourism only. Total international aviation is responsible for some 3% of global emissions. 5 There are no published numbers on the share of tourism in total international travel. Figure 1 shows the number of international arrivals by region for the period 1950-2005 as observed and as modelled. HTM clearly has difficulty in mimicking the historical period.
Basic results
Particularly in the last 15 years, tourism growth has decelerated while economic growth has accelerated. "predicts" that demand grows much faster. For future years, this implies that HTM assumes that tourism demand will catch up to its long-term trend. This is also the assumption used by the WTO in its forecasts for 2020. The above results are all scenario-and model-specific. We therefore report sensitivity analyses below, which also help to understand the model dynamics.
Sensitivity analysis
This section presents sensitivity analyses relating to the SRES scenarios, as well as changes in the levels of demand saturation, fuel efficiency, climate change and climate policy and the calibration assumptions used. Despite the differences between the scenarios, the qualitative pattern is the same for tourism: initially rapid growth of emissions followed by a slowdown and a decline.
Quantitatively, the scenarios differ considerably. The A2 scenario forecasts that emissions will grow to 400 mln tC in 2060 and stabilise thereafter, while the A1 scenario foresees 1000 mln tC of emissions in 2060. The B1 scenario, used as a baseline, lies somewhere in between. Table 2 compares aviation emissions to other emissions of carbon dioxide. In the A1 and B2 scenarios, aviation's contribution grows to some 6% of total CO 2 emissions from fossil fuel combustion. In the relative poor and industrialised A2 scenario, aviation contributes much less. However, the B1 scenario is not central in this regard at all. The contribution of aviation to total emissions grows to almost 12% as B1 is relatively rich and clean. Figure 5 shows global emissions for a number of sensitivity analyses. In the "low saturation" graph, we assume that holiday demand saturates at four trips per person per year, instead of the six trips in the "baseline" scenario. The assumption, although highly uncertain and easily contested, has only a minor effect. This is because only a few countries reach their saturation point anyway.
In the baseline scenario, we assume that climate change has no effect on international tourism. Figure 5 shows the results with climate change, i.e. assuming the world warms to 3.1ºC above pre-industrial levels by 2100. The effect on emissions is minor, as the main impact of climate change is that people holiday elsewhere. However, the big travellers from rich, temperate countries (Germany, UK) seek holidays closer to home, and as total travel demand (in km) falls, so do emissions.
In the baseline scenario, we assume that there is no climate policy either. In Figure 5 , we show the effect of a global carbon tax, starting at $10/tC in 2010 and rising at 5% per year. Initially, this has little effect because the price change is minor and the price elasticity is low. However, towards the end of century, the price effect becomes significant and this policy cuts emissions by 40% from the baseline.
The assumed rate of improvement in fuel efficiency is important. In the baseline, this is 1.5% per year. Figure 5 shows the effect of an increase to 2.0% per year ("accelerated technology" scenario). Peak emissions (2060) fall by 25%, and emissions in 2100 by 40% compared to the baseline scenario.
Finally, Figure 5 shows what happens if we calibrate the model to match international arrivals in the 1950-1995 and 1995-2005 
Discussion and conclusion
We use a model of international flows of tourists to determine the effects of different growth scenarios on emissions arising from aviation. We find that international tourism grows by a factor of 12 between 2005 and 2100. This is due to fundamental changes in the number of trips being taken and in the origin of the tourists taking trips. Indeed, we find that gradually increasing incomes will lead to the average person being able to take more trips a year by the end of the century. The length of trips will also increase steadily.
For the first part of the period, growth in East and Southeast Asia will be the driving force behind the growth in international tourism. This will expand to the rest of Asia in the medium term. In the later period of the forecasts, the growth in tourism will extend to South and Central America and Africa. As these currently lower income countries grow, higher proportions of their populations can afford to travel abroad.
These factors have natural repercussions for emissions from aviation, which grow by a factor of 4 between 2005 and 2060. This is less than expected due to improvements in fuel efficiency, which become significant from 2060 and lead to a fall in emissions.
However, changes in the structure of international tourism affect the shares of emissions attributed to geographic regions. As a consequence, Asia accounts for over half of world emissions by 2100 replacing OECD countries as the main source of aviation emissions from tourism.
The sensitivity analyses shed light on the various outcomes that the scenarios presented can lead to. The SRES scenarios give varying forecasts depending on the growth scenario that is assumed. However, in order to get the full picture of possible outcomes, outside influences must also be taken into account. The climate policy scenario models the effect of a carbon tax. We find that the tax only has an effect on emissions when it is at a very high level. Similarly the effect of climate change is also minor causing a substitution in destinations rather than a reduction in trips.
Assumptions that do have an impact on forecasts and that would be worth investigating further are the holiday demand saturation level and the rate of improvement in fuel efficiency. The assumed saturation point for holiday demand has repercussions for future emissions as the absence of saturation could in theory lead to infinite tourist growth.
However, in the time period examined in this paper this is not an issue as saturation is rarely reached. The assumed rate of improvement in fuel efficiency does affect the emission forecasts with the level of emissions falling compared to the base scenario. Fuel efficiency and technological progress reduce emissions per passenger-kilometre.
The change in the structure of tourism demand and in particular the origin of tourists in the future should be taken into account when formulating climate policy. As was shown, a carbon tax will only have an effect at a very high level and the effects of the tax on emissions in the short run will be eclipsed by the rise in demand for tourism, in particular from emerging economies. Any policy to curb emissions will have to take into account this new source of demand. 1950-2005. 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 Table 2 . Total emissions of carbon dioxide from fossil fuel combustion and aviation emissions (in billion metrics tonnes of carbon), and the share of aviation in total emissions (in percent) for the four SRES scenarios. 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 
